• Combining slow-release fertilizer (SRF) and provenance in the nursery has large effects on most seedling characteristics in yellowhorn.
Introduction
Reducing greenhouse gas emissions and providing fuel security have drawn attention to the use of oil-rich seed plants as raw materials for biodiesel production. Yellowhorn (Xanthoceras sorbifolium Bunge), belonging to the Sapindaceae family, is a high-quality feedstock for biodiesel production, with oil concentration of 55-66% in seed kernel (Lee et al. 2015; Shao and Chu 2008) . This species is widely distributed in northern China and adapts well to drought, low temperature, high salinity and alkali soils. Yellowhorn seedlings typically start bearing fruit after 4-5 years growing in the field and higher yield is expected as plants age increased. Yellowhorn plantation for biodiesel production has increased significantly during the past few years (Shen et al. 2018) . However the species often exhibits slow growth and poor field performance (the average seed yield of mature trees is 670 kg ha -1 , and 0.798 kg plant -1 ), particularly in areas with low nutrient availability (Ao 2016) . Low nutrient availability is believed to be a major factor limiting yellowhorn plantation success (Zhu et al. 2009 ).
The use of slow-release fertilizer (SRF) is characterized by a moderate but consistent nutrient supply over a long period, which improves nutrient-use efficiency, and reduces leaching losses . Incorporation of SRF directly into the nursery growing medium has the potential to improve nutrient loading for field growing. Nutrient loaded seedlings have a greater capability to overcome planting stresses especially on harsh sites and high level of competition (Grossnickle 2012) . SRF has been considered as an important tool to improve seedling establishment and to meet forestation objectives (Halmschlager and Katzensteiner 2017; Seletkovic et al. 2009; Seletkovic et al. 2011; Teixeira et al. 2009 ). In addition to SRF, provenance (PRO) is believed to influence survival and growth performance because adaptation to different climatic conditions leads to ecotype evolution (Jones and Hayes 2001) . Plants from different provenances exhibit different responses to stressful conditions, such as low temperature or drought, which is considered to be under strong genetic control (Andivia et al. 2012) . Based on the literatures, the effect of combined influence of nursey fertilization × provenance on nutrient status and growth response produced a wide range of results. Some showed provenances demonstrated similar responses to fertilizer and high fertilization increased nutrient concentration and growth (Andivia et al. 2012) , others suggested that fertilization had different effects in different provenances (Gleason et al. 1990; Villar-Salvador et al. 2008) . These varied results reflect species-specific responses or may be due to the wide range of experimental conditions differing among studies. Among these reports, there has not been enough attention toward the combined effect of SRF and PRO. Previous study of yellowhorn seedlings subjected to different nitrogen application rates, resulted in improved plant quality and performance as fertilization applied compared to control and the rate of 230 mg N seedling -1 was recommended. However, the role of nursery SRF and PRO on yellowhorn plant quality and subsequent field performance is still unknown, this research has practical implications for successful forestation.
This study was designed to evaluate the performance of three provenances of yellowhorn seedlings while five rates of SRF incorporated into the growing medium. We hypothesized that both SRF and PRO would significantly affect seedling nutrient status and growth at the end of the nursery period. Also, we postulated that incorporating SRF would produce seedlings with greater nutrient reserves, which would in turn improve field performance of all provenance. The current study focused on early plant growth and establishment in the absence of fruit production. The effects of SRF and PRO on seed yield and oil characteristics will be reported in a subsequent manuscript.
Materials and methods

Plant materials
Yellowhorn seeds were collected from mature plantations in three provenances in China: Wengniute Qi, Inner Mongolia province (WQ), Alukeerqin Qi, Inner Mongolia province (AQ), and Shanxian, Henan province (SX). The three provenances cover the distribution of yellowhorn from northern to southern part of China, with different geographical and environmental conditions (Table 1) . Undamaged seeds were collected from mature, seeds producing trees (approx. 50 years old). Those trees had been established by local farmers from the seeds collected locally from wild sources. Therefore, they represented the wild germplasm in each provenance. Approximately 4000 seeds were sampled from 30 trees with 30-40 m apart from each other in July (SX) and August (WQ and AQ) 2013. Seeds from each location were pooled, so the genetic variability was only considered at the provenance level. Seeds were stored in partially sealed Kraft paper bags (permeable to carbon dioxide and oxygen yet largely impermeable to moisture) at 2 ℃ until the experiment began the following April.
Nursery experiment
The nursery experiment was conducted in a greenhouse at Beijing Forestry University Forest Science Company, Ltd (40°00´N, 116°34´E). Our experiment investigated the main and interacting effects of five rates of SRF (40, 80, 120, 160 and 200 mg N seedling -1 ) and three provenances (WQ, AQ, and SX). Pre-germination was performed to reduce germination time. Seeds were sown on 2 April 2014 at a depth of 1~2 cm in 1050 ml containers (8 cm diameter × 20 cm deep) commonly used in China that were filled with a 3:1 (v:v) peat: vermiculite mixture (Li et al. 2014) . Commercial SRF Osmocote Exact Standard (5-6 months, O.M. Scotts Co., Marysville, OH, USA), comprising 8.4% NH 4 -N +6.6% NO 3 -N, 3.9% P, 9.1% K, 2% MgO, 0.45% Fe, 0.06% Mg, 0.05% Cu, 0.015% Zn, 0.03% B, and 0.02% Mo, was incorporated into the growth media prior to sowing. Germination completed within 2 weeks after sowing. Germinated seedlings were thinned to one per container. For each provenance, there were 900 seedlings (one per container) and 180 seedlings were randomly assigned to each SRF treatment. Fifteen treatments (3 provenances and 5 rates of SRF) were arranged in a completely randomized design with four replications (i.e. a total 
Field trial
Seedlings were transplanted to a field site on 4 April 2015. The site was located in Yanqing County, Beijing, China (40°46´N, 115°97´E) and it was previously used for agriculture. The soil texture was sandy loam with 19% clay, 21% silt, 60% sand with a pH of 7.2 and soil organic carbon of 0.7%. Soil depth varied between 45 and 60 cm. Soil was sampled from five locations across the field, and three samples were collected from each location. The top 2 cm od the soil was discarded and soil was then sampled at depths of 2-20 cm. The soil samples were oven-dried at 70 ℃ for 24 h and crushed gently to pass a 2-mm sieve before analyses. Soil total N, P and K were determined according to Official Methods of Chinese Academy of Forestry Research Institute (Chinese Academy of Forestry Research Institute 1987a , 1987b , 1999 . Briefly, N was determined using semi-micro Kjeldahl distillation, and P and K were measured by a Mo-Sb colorimetric method and a flame photometry method, respectively. The average total N, P, and K of the surface soil (2-20 cm) were 1239, 1459, and 6186 mg kg -1 , respectively. The soil was considered to have low soil fertility according to the macronutrient classified criteria (Bao 2000) . The area is a temperate continental monsoon climate and characterized by dry winter and spring seasons. During the experiment, annual precipitation was 471 mm in 2015 and 491 mm in 2016 and mean annual air temperature was 11.1 ℃ and 10.3 ℃, respectively. The average monthly precipitation and air temperature was typically 8.6 mm and 2.4 °C in the cold and dry season from October to April; and 87.8 mm and 21.0 °C in the hot and moist season from May to September. The field experiment was arranged as a randomized complete block experimental design with four replicates. Each block measured 1.5 m × 25 m and was separated from adjacent blocks. From each replicate in the greenhouse, 15 seedlings were randomly selected and planted in a single row within each block, resulting in a total of 900 seedlings planted in the field site. Rows were spaced at 0.5 m with seedlings 0.5 m apart within the rows. Each seedling was placed in a hole that was refilled with the excavated soil by hand. Weeds were removed as necessary and seedlings were irrigated using an overhead automatic irrigation system evenly across the experiment as needed.
Sampling and measurements
Seedlings were sampled prior to transplanting to measure plant biomass and nutritional status. Eight seedlings were randomly sampled from each replicate, resulting in a total of 32 seedlings per nursery fertilization treatment. Seedlings were washed gently to free it of growing medium and were then cut at the root collar, and separated into stems (without leaves due to defoliation) and roots. Each plant tissue type was oven-dried at 70 ℃ for 48 h, and then weighed to determine dry mass (Tsakaldimi 2006) .
After stem and root dry mass measurement, organ (stem and root) N, P and K contents were determined from composite samples of 8 seedlings for each treatment. Samples were ground, sieved through a 0.25 mm screen, and approximately 0.2 g of each of the subsamples was wet-digested in a heating block at 250 ℃ with a mixture of H 2 SO 4 and H 2 O 2 (Soon and Kalra 1995). We determined total N content by using semi-micro Kjeldahl distillation by a distillation unit (UDK-152, Velp Scientifica, USA), P content by using a UV-visible spectrophotometer (Agilent 8453, USA) and K content by using atomic emission spectrophotometry (SpectrAA 220 Atomic Absorption Spectrometer, Varian Inc., USA). Approximately 0.1 g of each subsample was extracted with 80% ethanol at 80 °C for carbo hydrate analysis (Li et al. 2000) . Soluble sugar content was determined by the anthrone colorimetry method (Spiro 1966) .
Seedling height, diameter at ground level, and survival have been used to measure seedling quality in relation to field performance potential (Pinto et al. 2011; Tsakaldimi et al. 2013 ). Immediately after transplanting on 4 April 2015 (T1) seedling height and diameter at ground level was determined (8 seedlings per treatment per replicate were sampled randomly). When seedlings stopped growing in late October 2015 (T2) and 2016 (T3), survival, height and ground diameter were recorded. Net increment of height or ground diameter was defined as the difference observed between T2 and T1, and between T3 and T2. At T3, three seedlings in the middle of each block were excavated (12 seedlings per treatment) for determination of stem and root dry mass.
Statistical analysis
Statistical analyses were performed using SPSS 16.0 (Chicago, Illinois, USA). The explore function was used to examine data for normality and homogeneity prior to analyses. Survival was arcsine transformed in order to fulfill the normality and homogeneity requirements of ANOVA (Li et al. 2016) . Untransformed values are presented here.
Effects of SRF, provenance, and their interaction on morphological and nutritional attributes were assessed using a two-way ANOVA. When a significant interaction occurred between SRF and provenance, one-way ANOVA was used to examine specific significant differences among the 15 treatment combinations. Duncan's test was carried out for multiple comparisons among treatments (α = 0.05) (Li et al. 2014) . Field performance was analyzed separately for each sampling period.
Results
Nursery response
Stem N content was significantly influenced by the interaction of PRO and SRF (Table 2, Table 3 ). In provenances AQ and SX, high level of SRF significantly enhanced the stem N content compared with low level of SRF, with the maximum stem N content being observed at 200 mg N seedling -1 for both provenances. In provenance WQ, stem N content peaked at 80 mg N seedling -1 . Overall, there was no difference among provenances on root N content, with WQ being slightly low but not statistically significant. SRF rate had an effect at 160 mg N seedling -1 (Table 2, Fig. 1 ). From 40 to 160 mg N seedling -1 , root N content increased with the rate of SRF and slightly declined at 200 mg N seedling -1 (Fig. 1) . Compared with 40 mg N seedling -1 , root N content was increased by 107% at 160 mg N seedling -1 treatment. PRO and SRF, but not their interaction, had significant impact on the amount of P in stem and root ( Table 2 ). The trends for stem and root P contents among the three provenances were similar (Fig. 1) . Compared with WQ seedlings, stem and root P content was increased by 63% and 54% in AQ, respectively. High level of SRF (200 mg N seedling -1 ) significantly enhanced stem P content relative to low level of SRF. The root P content was maximal at 120 mg N seedling -1 .
Provenance, SRF and their interaction did not significantly affect stem or root K content ( Table 2 ). The mean values (±SE) for all the provenances and fertilization treatments as a whole were 13.22 ± 8.48 mg for stem K content and 43.72 ± 19.95 mg for root K content.
Neither stem nor root soluble sugar content was influenced by provenance (Table 2) . However both stem and root soluble sugar content was affected by the PRO × SRF interaction (Table 2,  Table 3 ). Soluble sugar content of stem and root was highly variable, and there did not appear to be consistent patterns across provenances or rates of application. Interestingly, provenance WQ combined with 80 mg N seedling -1 yielded among the highest stem soluble sugar content and the lowest root soluble sugar content. During the nursery phase (initial), the interaction of PRO × SRF had significant impacts on stem and root biomass (Table 4, Table 5 ). The combination of AQ provenance and 160 mg N seedling -1 SRF yielded the maximum initial stem biomass. The maximum initial root biomass occurred in SX provenance with 40 mg N seedling -1 SRF.
Field performance
Seedling height and diameter at the time of transplanting (initial) and at the end of the first growing season (2015, T2) were affected by PRO × SRF (Table 6, Table 7 ). The SX seedlings with 200 mg N seedling -1 SRF were the tallest and were among the largest in term of initial diameters (Table 7) . At the end of the first growing season, for provenance AQ and SX, seedling height and diameter trends were similar to the trends observed during the nursery phase. At the end of the second growing season (2016, T3), height was significantly influenced by provenance whereas diameter was affected by SRF rate (Fig. 2) . AQ and WQ seedlings were significantly higher than SX seedlings. Compared with 40 mg N seedling -1 treatment, 120, 160, 200 mg N seedling -1 treatments increased seedling diameter by 15%, 14%, and 26%, respectively. Table 6 . Effects of provenance (PRO), slow-release fertilizer (SRF) and their interaction (PRO × SRF) on yellowhorn seedling height and diameter at T1, T2, and T3, and survival at T2 and T3. Silva Fennica vol. 52 no. 5 article id 10034· Ao et al. · Combined effects of provenance and slow-release … There were significant differences in the first and second year height increments among provenances, with the greatest increment occurring in WQ (the first year), and AQ and WQ (the second year), respectively (Fig. 2) . For SX seedlings, despite of being the tallest at the time of transplanting, this difference disappeared in the following two growing seasons, with minimum increments (Fig. 2) .
The first year diameter increment was significantly affected by SRF with seedlings receiving 200 mg N seedling -1 increasing their diameter more than those grown with 80 mg N seedling -1 by 24% (Fig. 2) . Diameter increment in the second year was not affected by SRF, provenance or their interaction. Seedlings receiving higher rates of SRF tended to have greater diameter at the end of the experiment (Fig. 2) .
At the end of the second growing season, both stem and root biomass, and biomass increment, were affected only by SRF rate (Fig. 3) . In general, increased rates of SRF resulted in plants with larger stem and root biomass and biomass increment. Survival after the first and the second growing season depended on the SRF × PRO interaction (Table 6, Table 7 ). The mean values of survival for all the provenances and fertilization treatments as a whole were 97.6% and 85.3% for the first and second growing season, respectively. Furthermore, at the end of the second growing season, survival of most treatments decreased compared with the previous year, with the maximum difference observed in the combination of provenance AQ and 200 mg N seedling -1 SRF.
Discussion
Nursery growth performance
Generally, nitrogen fertilization application increases seedling growth and nutritional status of forest species (Broncano et al. 1998; Oliet et al. 2009; Salifu and Jacobs 2006) . As a result, fertilization has been considered a beneficial nursery practice for a long time (Grossnickle and MacDonald 2018) . In the present study, our hypothesis that SRF would significantly affect seedling nutrient status was shown to be partially correct. Among all nutrient parameters, only root N and P contents and stem P content were significantly increased by SRF rate in three provenances (Fig. 1) , and SRF did not significantly influence stem and root K contents. It is reported that high rate of SRF increased the amount of N, P, and K in shoots and roots of Viburnum opulus L., and provenances differed significantly for the high fertilization level in N, P, and K contents (Bohne et al. 2011) , while based on our results, provenance difference only occurred in stem and root P contents. N content is useful in forecasting seedling field performance, because it reflects differences in both initial seedling size and nutrient status (Cuesta et al. 2010; Puértolas et al. 2003; Quoreshi and Timmer 2000) . The high level of N and P contents in yellowhorn seedlings can be remobilized after transplanting to improve seedling establishment when nutrient-uptake is impaired, and this was later proved by seedling growth in our experiment.
Currently, we cannot provide a definitive conclusion on the effect of PRO and SRF rates on non-structural carbohydrate content (NSC), since seedling starch content was not measured in this study. In terms of soluble sugar content, both stem and root soluble sugar contents depended on the PRO × SRF interaction (Tables 2, 3 ). Furthermore, we did not find consistent patterns in terms of effects of provenances or SRF rates. To a certain extent, this finding is similar with Chinese pine seedlings (Fu et al. 2017) , but differs from studies with Picea abies (L.) H. Karst. and Pinus pinea L. seedlings, demonstrating fertilization rate has both positive and negative effects on soluble sugar content (Kaakinen et al. 2004; Villar-Salvador et al. 2013) . Interestingly, provenance SX showed the highest stem soluble sugar content (22.64 g), but the lowest root soluble sugar content (32.29 g) among three provenances based on our findings. The relationship between nursery fertilization treatments and yellowhorn seedling NSC warrants further investigation. Optimum N levels have been comprehensively determined for some woody species , such as Picea (64 mg N seedling -1 ) and Quercus (100 mg N seedling -1 ) (Salifu and Jacobs 2006; Salifu and Timmer 2003) . In one study on yellowhorn seedlings application of fertilization 230 mg N seedling -1 was suggested, based on the nursery nutrient status and growth (Yang et al. 2014) . A statistically significant decline in dry mass or tissue nutrient content was not observed in current study (Figs. 1, 3) , which indicated that nutrient toxicity did not occur. As a result, we were unable to develop a full understanding of luxury consumption limits.
Field growth performance
In recent years, the effects of nursery fertilization on field performance have been studied on a wide range of forest species across various environments (Girardi et al. 2005; Griffiths et al. 2013; Haase et al. 2006; Hawkins et al. 2005) . Nutrient loaded plants are assumed to perform better after out-planting compared to non-loaded ones (Grossnickle and MacDonald 2018) . However, some inconsistent results have been reported, suggesting that field performance may be species-and provenance-specific (Li et al. 2016 ). In our experiment, after transplanting, seedling height increment was significantly influenced by provenance in the first and the second year (Fig. 2) , indicating that provenance had a relatively long-term effect on height. The duration of a positive influence of high fertilization on out-planting performance differed, for instance, one year for Malus 'Sutyzam' (Lloyd et al. 2006 ) and 4 years for Acacia salicina Lindl. (Oliet et al. 2005 ). In our experiment, the effects persisted for diameter, stem and root biomass in the second year after out-planting (Figs. 2, 3) . This was also consistent with our hypothesis that, incorporating SRF improves field performance. Plant growth after out-planting, especially on nutrient poor soils, mainly depends on nutrient reserves (Andivia et al. 2011) . In the present experiment, the out-planting site soil condition was characterized by nutrient unavailability, with a low level of N and K concentrations. Therefore, when the external nutrient source was unable to meet the nutrient demand for growth, nutrient remobilization provided yellowhorn seedlings the capability to overcome planting stress.
Both seedling height and diameter increments in the first year after being transplanted were less than those observed in the second year, indicating that yellowhorn seedlings underwent slow growth during the first year after transplanting. As previously reported, it is possible that nursery grown stock might have not been able to absorb enough water and nutrients from the field soil and the root system might have been damaged (Burdett and Brand 1990) . Similar results were found in Chinese pine and Pinus tabulaeformis seedlings (Li et al. 2016; Wang et al. 2015) , but different results were reported in Douglas-fir of improved first-year growth and in Norway spruce (Heiskanen et al. 2009; Margolis and Waring 1986) .
Field performance of seedlings may be closely affected by pre-planting nutrient status (Quoreshi and Timmer 2000; Timmer 1997 ). Interpretations of plant response to fertilization are often based on dry mass, because biomass would seem to be a more complete measure of plant size and may be more closely related to potential for future growth (Grossnickle 2000; Marschner and Rimmington 1988) . In the nursery, SRF rates of 120-200 mg N seedling -1 promoted root nutritional status (N and P contents) (Fig. 1) . Correspondingly, at the end of the second growing season, there was a positive relationship between fertilizer application rate and root biomass, with the maximum value being observed at SRF rate of 160-200 mg N seedling -1 (Fig. 3) . The result indicated that seedlings with optimal nutrient reserves had increased root egress after out-planting and the ability to absorb more nutrients and water, then outcompeted other vegetation (Grossnickle and MacDonald 2018; Malik and Timmer 1996) . According to previous study in yellowhorn, 180 and 230 mg N seedling -1 treatments increased plant biomass effectively (Yang et al. 2014) . The rate of 280 mg N seedling -1 slightly decreased biomass. Based on the result, it can be inferred that the optimum SRF rate may be above 200 mg N seedling -1 . To achieve higher biomass, further research is suggested to increase SRF rate to 300 mg N seedling -1 .
Field survival
Seedlings are hardly ever irrigated in the field in forest restoration programs. However, to improve survival, growth and seed production, it's suggested that yellowhorn be planted in ideal conditions with adequate illumination and irrigation conditions. Consistent with a previous study on Chines pine (Wang et al. 2015) , yellowhorn seedling survival at the end of the second growing season declined dramatically, relative to the first growing season (70-98% and 87-100% survival, respectively). This may be attributed to the similar climatic conditions under which both studies were conducted. The two sites are proximately located, and both are temperate arid climate regions and characterized by low annual precipitation, which was related to the decline in seedling survival (Burdett 1990; Crow et al. 1994; Grossnickle 2005) . Another reason may be that survival of newly planted seedlings improves when forest restoration site conditions dictate the amount of root growth required to overcome planting stress and ensure survival (Grossnickle 2012) , however the soil property in our experiment might not meet the demands of seedling. Furthermore, in the present study, there was no consistent survival pattern across provenances or rates of SRF application (Table 7) , which differs from some previous literatures that showed positive or negative survival responses to nursery fertilization (Bárbara et al. 2010; Trubat et al. 2008; Villar-Salvador et al. 2004) . Therefore, survival may be affected by comprehensive factors, such as genetic, geographic, and climatic differences.
In conclusion, this study indicated the potential benefits of nursery application of SRF into the substrate of container-grown yellowhorn seedling. Nursery SRF treatment and PRO, either alone or as interaction term, influenced seedling growth. Higher rates of SRF tended to result in better seedling nutritional status. Considering overall nursery and field performance, we currently suggest that combining provenance AQ with 120-200 mg N seedling -1 SRF may be preferred for yellowhorn seedling. However, further study is needed to monitor seedling growth dynamic and SRF nutrient release patterns to determine the optimal nutrient release pattern that synchronizes best with the growth rhythm of yellowhorn seedlings. In addition, higher SRF rates (above 200 mg N seedling -1 ) are suggested to quantify the optimum target rate for effective nutrient loading of yellowhorn.
